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Abstract
1.	 Wetland	plants	have	developed	a	suite	of	traits,	such	as	aerenchyma,	radial	oxy-
gen	loss	and	leaf	gas	films,	to	adapt	to	the	wetland	environment	characterised	by,	
for	example,	a	 low	redox	potential	and	a	 lack	of	electron	acceptors.	These	eco-
physiological	 traits	 are	 critical	 for	 the	 survival	 and	 physiological	 functioning	 of	
wetland	plants.	Most	studies	on	these	traits	typically	focus	on	a	single	trait	and	a	
single	or	few	species	at	the	time.
2.	 Next	to	these	traits,	traits	of	the	leaf	economics	spectrum	(LES)	that	reflect	re-
source	acquisition	and	allocation	in	plant	species	have	also	been	frequently	meas-
ured	in	wetlands.	However,	the	performance	of	the	LES	has	rarely	been	examined	
among	wetland	plants.
3.	 Both	suites	of	traits	are	critical	for—but	affect	different	aspects	of—wetland	plant	
functioning	and	survival.	The	interactions	between	them,	potentially	causing	syn-
ergies	or	trade-offs,	reflect	wetland	plant	strategies	to	simultaneously	deal	with	
stress	tolerance	and	resource	utilization,	and	have	ramifications	for	the	function-
ing	of	wetland	ecosystems.
4.	 Based	on	a	literature	review	and	quantitative	analysis	of	available	data,	we	provide	
evidence	suggesting	that	LES	and	ecophysiological	traits	may	be	decoupled	(e.g.,	
for	root	porosity	and	radial	oxygen	loss	vs.	leaf	nitrogen)	or	coupled	(e.g.,	for	iron	
tolerance	vs.	specific	 leaf	area)	 in	wetlands,	depending	on	the	trait	combination	
concerned.	This	rather	complex	relationship	between	wetland	adaptive	traits	and	
LES	traits	indicates	that	there	can	be	multiple	mechanisms	behind	the	strategies	
of	wetland	plants.
5.	 We	further	illustrate	how	adaptive	and	LES	traits	together	contribute	to	wetland	
ecosystem	functions,	such	as	denitrification	and	methane	emission.	We	highlight	
that	both	suites	of	traits	should	be	considered	simultaneously	when	applying	trait-
based	methods	to	wetland	ecology.
K E Y W O R D S
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1  | INTRODUC TION
Wetland	ecosystems	 include	a	wide	variety	of	 fresh	and	saltwater	
habitats	 (e.g.,	 marshes,	 peatlands,	 mangroves,	 rivers,	 lakes,	 inter-
tidal	mudflats	and	rice	paddies)	that	are	distinguished	from	terres-
trial	habitats	by	a	different	hydrological	regime	(Ramsar	Convention	
Secretariat,	2013).	This	causes	wetland	ecosystems	to	have	unique	
features	in	terms	of	oxygen	availability,	nutrient	cycles,	soil	pH	and	
redox	potential.	These	deviating	environmental	conditions	strongly	
affect	 the	survival	and	functioning	of	wetland	plants.	 In	 response,	
wetland	plants	have	developed	a	suite	of	adaptive	traits,	 including	
tolerance	and	escape	traits,	to	waterlogging	or	inundation	and	other	
conditions	 characteristic	 of	wetlands	 (DeLaune	&	Pezeshki,	 2001;	
Jackson	 &	 Armstrong,	 1999;	 Pezeshki	 &	 DeLaune,	 2012).	 These	
traits	are	strongly	related	to	wetland	plant	performance,	sometimes	
even	vital	to	their	survival.	Previous	studies	on	these	adaptive	traits	
have	commonly	focused	only	on	one	or	a	few	species	at	the	individ-
ual	level,	which	makes	these	adaptive	traits	hard	to	incorporate	into	
trait-based	wetland	ecology.	 In	 contrast,	 leaf	 economics	 spectrum	
(LES)	 traits	 such	as	 leaf	nitrogen	 (leaf	N),	 leaf	phosphorus	 (leaf	P),	
specific	leaf	area	(SLA)	and	photosynthetic	rate	(Amass or Aarea)	have	
received	more	attention,	but	do	not	include	those	traits	that	are	con-
sidered	vital	 to	 the	 survival	 of	 plants	under	wetland	 conditions	 in	
ecophysiological	studies	(van	Bodegom,	de	Kanter,	Bakker,	&	Aerts,	
2005;	Visser,	Colmer,	Blom,	&	Voesenek,	2000;	Voesenek	&	Bailey-
Serres,	2015).
Moreover,	the	functional	importance	of	most	traits	is	context-
specific	(Baastrup-Spohr,	Sand-Jensen,	Nicolajsen,	&	Bruun,	2015;	
Shipley	et	al.,	2016;	Wright	&	Sutton-Grier,	2012).	This	context	may	
well	differ	for	wetland	ecosystems	compared	to	terrestrial	ecosys-
tems,	because	trait	selection	is	strongly	driven	by	environmental	
factors	(van	Bodegom	et	al.,	2012;	DeLaune	&	Pezeshki,	2001).	A	
recent	 review	paper	 (Moor	 et	 al.,	 2017)	 carefully	 reviewed	both	
wetland	 adaptive	 traits	 and	 LES	 traits	 as	well	 as	 their	 effect	 on	
ecosystem	functioning,	and	 the	authors	suggested	not	 to	simply	
employ	 the	 LES/plant	 economics	 spectrum	 (PES)	 to	 understand	
wetland	 ecosystems,	 since	 they	 vary	 widely	 in	 site	 conditions	
(bogs,	peatland,	marsh	etc.).	The	study	called	for	the	inclusion	of	
LES/PES	and	adaptive	traits	to	get	a	better	understanding	of	wet-
land	ecology.	To	move	towards	this	goal,	we	need	to	understand	
how	 these	 two	 groups	 of	 traits,	 if	 taken	 as	 the	 two	major	 trait	
axes,	 position	 in	 relation	 to	 each	other.	 In	 other	words,	 it	 is	 im-
portant	 to	 disentangle	 the	 different	 roles	 that	wetland	 adaptive	
traits	and	LES	traits	play	in	plant	survival	and	resource	utilization,	
respectively,	their	relationships	being	orthogonal	(reflecting	a	de-
coupling)	or	coordinated	(reflecting	coupling	through	synergies	or	
trade-offs),	and	the	consequent	effects	on	ecosystem	functioning.
The	 adaptive	 response	 and	 the	 physiological	 mechanisms	 of	
adaptive	 strategies	 to	 wetland	 conditions	 have	 been	 carefully	
examined	 in	 ecophysiological	 studies,	 which	 have	 shown	 adap-
tation	 in	 traits	 in	 relation	 to	 root	morphology	and	plant	physiol-
ogy	(Colmer,	2003a;	Laan,	Berrevoets,	Lythe,	Armstrong,	&	Blom,	
1989;	van	Bodegom	et	al.,	2005).	For	 instance,	plants	can	adapt	
to	 cope	 with	 the	 oxygen	 deficiency	 associated	 with	 waterlog-
ging/flooding	 by	 developing	 adventitious	 roots	 or	 aerenchyma	
in	 shoots	or	 roots	 (Blom	et	 al.,	 1994;	 Justin	&	Armstrong,	1987;	
Wright	et	al.,	2017),	or	enhancing	root	porosity	(Garthwaite,	von	
Bothmer,	 &	 Colmer,	 2003;	 Justin	 &	 Armstrong,	 1987).	 Likewise,	
radial	 oxygen	 loss	 (ROL)	 protects	 plant	 roots	 from	 anaerobic	
stress	 (Lemoine,	 Mermillod-Blondin,	 Barrat-Segretain,	 Massé,	 &	
Malet,	 2012),	 whereas	 barriers	 to	 ROL	 in	 basal	 zones	 enhance	
longitudinal	oxygen	diffusion	 towards	 the	apex	 (Colmer,	2003a).	
Phytohormones	such	as	ethylene,	gibberellin	and	abscisic	acid	also	
play	important	roles	in	changing	cellular	and	organ	structure	that	
alleviate	the	oxygen	deficiency	(Bailey-Serres	&	Voesenek,	2008;	
Vartapetian	&	Jackson,	1997).	Most	of	these	primarily	ecophysio-
logical	studies	on	wetland	plants,	though,	are	limited	to	an	exper-
iment-based	assessment	of	one	 individual	 trait	 for	a	 few	species	
at	 a	 time.	Unfortunately,	 it	 is	 rather	 difficult	 to	 scale	 up	 results	
from	such	detailed	studies	to	the	impacts	of	different	plants	and	
communities	 on	 wetland	 ecosystem	 functioning.	 Therefore,	 we	
need	to	integrate	these	ecophysiological	traits	into	a	more	general	
ecological	framework	(Figure	1a).
There	 is	 some	 circumstantial	 evidence	 that	 wetland	 adap-
tive	traits	may	be	orthogonal	to	(i.e.,	 independent	of	or	decoupled	
from)	 LES/PES:	 wetland	 adaptive	 traits	 are	 the	 premise	 of	 plant	
existence	 in	wetlands	since	 they	are	vital	 to	 the	survival	of	plants	
under	hazardous	anaerobic	conditions.	Based	on	that	premise,	one	
may	 expect	 trait	 selection	 processes	 in	wetlands	 to	 be	 strong.	At	
the	 same	 time,	while	 LES	 traits	 are	 principally	 constrained	by	 nu-
trient	availability	(Maire	et	al.,	2015),	wetland	habitats	span	a	wide	
fertility	gradient	from	very	infertile	bogs	to	very	fertile	floodplains/
marshes	at	a	global	scale.	This	provides	the	conditions	to	allow	for	a	
full	range	of	leaf	N	if	wetland	adaptive	traits	are	orthogonal	to	LES/
PES	(Figure	1b).	However,	 if	trade-offs	between	the	two	axes	pre-
dominate,	one	would	expect	only	a	subset	of	LES/PES	would	remain	
available	for	wetlands	(Figure	1c).	The	wide	variety	of	growth	strat-
egies	in	wetlands,	from	conservative	strategies	associated	with,	for	
example,	bogs	to	acquisitive	strategies	in	highly	productive	systems	
such	as	reed	lands,	suggests	that	wetland	plants	can	sufficiently	de-
velop	adaptive	traits	to	cope	with	multiple	and	varied	wetland	condi-
tions.	This	pattern	also	suggests	an	orthogonal	relationship	between	
adaptive	traits	and	LES/PES	traits.
In	this	paper,	we	present	an	exploratory	analysis	to	quantify	the	
relationships	 between	wetland	 adaptive	 traits	 and	 LES/PES	 traits.	
We	hypothesize	that	adaptive	traits	are	principally	decoupled	from	
LES/PES	traits	in	wetlands,	assuming	that	these	adaptive	traits	are	
not	costly	to	have.	Consequently,	we	predict	that	we	will	see	a	wide	
range	of	LES/PES	in	wetland	plants.	Using	published	and	unpublished	
data,	we	assess	the	relationship	between	wetland	adaptive	traits	and	
LES/PES	traits.	Then,	we	illustrate	how	wetland	adaptive	traits	and	
LES/PES	traits	together	impact	wetland	ecosystem	functioning.
While	the	lack	of	integration	of	wetland	adaptive	traits	into	more	
generic	 trait-based	 approaches	 has	 formed	 a	 barrier	 to	 the	 direct	
employment	of	trait-based	methods	to	wetland	ecosystems	to	date,	
we	propose	that	a	more	comprehensive	understanding	of	wetland	
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ecology	can	be	obtained	through	the	quantification	of	the	relation-
ships	between	the	two	suites	of	traits.	This	will	also	allow	us	to	make	
better-informed	decisions	with	respect	to	one	of	the	standard	dilem-
mas	in	trait-based	community	ecology:	the	choice	of	measuring	traits	
for	ease	of	measurements	and	low	cost	versus	functional/mechanis-
tic	importance	(Lavorel	&	Garnier,	2002;	Wright	et	al.,	2010).
2  | LITER ATURE RE VIE W ON THE 
REL ATIONSHIPS BET WEEN WETL AND 
ADAPTIVE TR AITS AND LES/PES TR AITS
Some	trade-offs	among	wetland	adaptive	traits	and	nutrient	uptake	
have	 been	 described.	 In	 general,	 wetland	 plants	 may	 experience	
more	nutrient	 stress	 than	other	plants	under	 similar	 conditions	of	
nutrient	 availability,	 because	 some	 adaptation	 to	 oxygen	or	 redox	
stress	result	in	a	reduced	adaptation	to	nutrient	stress	(Silvertown,	
Araya,	&	Gowing,	2015).	In	turn,	this	is	likely	to	negatively	affect	leaf	
nutrient	contents,	which	are	part	of	LES/PES.	For	instance,	decreas-
ing	root	respiration	and	increasing	aerenchyma	leave	less	energy	and	
active	root	biomass,	respectively,	for	the	active	uptake	of	nutrients	
(van	der	Werf,	Kooijman,	Welschen,	&	Lambers,	1988).	A	root	bar-
rier	 that	 retards	oxygen	 leakage	may	also	reduce	the	efficiency	of	
nutrient	uptake	(Colmer,	2003b),	although	studies	suggest	that	sym-
plastic	aquaporin	activity	can	prevent	this	effect	(Rubinigg,	Stulen,	
Elzenga,	&	Colmer,	2002).	 In	some	cases,	cortical	aerenchyma	also	
inhibits	 nutrient	 transport	 (Hu,	 Henry,	 Brown,	 &	 Lynch,	 2014).	
Another	 trade-off	 includes	 a	 decrease	 in	 phosphate	 availability	 in	
the	presence	of	ROL	by	the	oxidation	of	Fe2+	in	the	rhizosphere,	in-
ducing	the	precipitation	of	phosphate	with	iron.	If	these	trade-offs	
are	representative	of	 the	strategies	of	wetland	plant	species,	 then	
wetland	plant	species	should	occupy	the	 lower	ranges	of	the	LES/
PES.
In	the	case	of	SLA,	such	a	relationship	is	rather	complex	as	SLA	
may	be	seen	as	part	of	LES/PES	and	other	plant	strategy	axes,	such	
as	the	size	axis	(Wright	et	al.,	2010),	and	it	may	also	relate	to	wetland	
plant's	 adaptation	 to	water	 stress.	 For	 example,	 community	mean	
SLA	increased	with	flooding,	suggesting	that	SLA	contributed	to	the	
plant's	waterlogging	 tolerance	 (Violle	et	 al.,	 2011).	Also,	Mommer,	
Wolters-Arts,	Andersen,	Visser,	 and	Pedersen	 et	 al.	 (2007)	 found,	
across	 nine	 species,	 that	 the	 internal	 oxygen	 partial	 pressure,	 the	
trait	that	enhances	waterlogging	tolerance	in	plants,	was	positively	
F I G U R E  1  A	summary	of	most	commonly	studied	wetland	adaptive	traits	and	leaf	economics	spectrum	(LES)/plant	economics	spectrum	
(PES)	traits	(a);	the	relationships	between	these	two	suites	of	traits	determine	wetland	plant	adaptive	and	competitive	strategies,	and	
wetland	ecological	functioning.	If	wetland	adaptive	traits	are	orthogonal	to	LES/PES,	even	if	environmental	filtering	to	a	specific	setting	of	
the	water	regime	selects	a	subset	of	adaptive	traits,	almost	a	full	range	of	LES/PES	trait	values	would	still	be	visible	among	wetland	species	
(b).	If	trade-offs	are	predominant,	environmental	filtering	of	wetland	conditions	selects	a	subset	of	adaptive	traits,	and	consequently,	only	a	
corresponding	subset	of	LES/PES	remains	(c)
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correlated	 to	 SLA	 and	 negatively	 correlated	 to	 leaf	 thickness	 and	
cuticle	 thickness	 (while	plasticity	 in	 these	 traits	was	not).	Another	
extensive	meta-analysis,	comparing	tens	of	species,	suggested	that	
the	link	between	tolerance	to	oxygen	stress	and	SLA	response	was	
significant	 but	 rather	weak	 (Douma,	 Bardin,	 Bartholomeus,	 &	 van	
Bodegom,	2012).
While	 the	 examples	 above	 suggest	 some	 coordination	 for	 in-
dividual	 trait	 sets,	when	analysing	 tolerance	 towards	waterlogging	
(presumably	 related	 to	 wetland	 adaptive	 traits)	 versus	 shade	 or	
drought	(as	related	to	LES/PES	traits),	a	decoupling	seems	to	prevail.	
A	study	of	806	shrubs/trees	across	continents	suggested	that	cor-
relations	among	shade,	drought	and	waterlogging	tolerance	indices	
were	significant	but	very	weak	(Hallik,	Niinemets,	&	Wright,	2009;	
Niinemets	&	Valladares,	2006).	This	suggests	that	oxygen	stress-re-
lated	 traits	 (waterlogging	 tolerance)	might	be	decoupled	 from	 leaf	
economics	traits	(shade	tolerance).	Also,	the	fact	that	environmental	
drivers	of	the	LES/PES	traits	are	different	from	those	driving	wet-
land	 adaptive	 traits	 suggests	 that	 some	 orthogonality	 may	 occur	
among	these	sets	of	traits.
Given	the	partially	contradictory	evidence	listed	in	our	qualita-
tive	literature	review	and	since	none	of	the	above	studies	specifically	
tested	the	relationships	of	different	trait	axes,	we	provide	an	explor-
atory	quantitative	analysis	in	the	next	section.
3  | E XPLOR ATION OF THE 
REL ATIONSHIPS BET WEEN WETL AND 
ADAPTIVE TR AITS AND LES/PES TR AITS
To	 quantitatively	 explore	 the	 so	 far	 rather	 anecdotal	 and	 possibly	
contradictory	 relationships	 between	 wetland	 adaptive	 traits	 and	
LES/PES	traits,	we	analysed	a	number	of	non-exhaustive	published	
wetland	 ecophysiological	 studies	 and	 unpublished	 data	 sources,	
which	presented	trait	measurements	of	both	adaptive	and	LES/PES	
traits	at	the	individual	and	species	level	under	field	or	experimental	
conditions	(see	Supporting	Information	for	data	description	details).	
In	our	analysis,	we	assume	that	individual	wetland	plants	exert	their	
adaptive	strategies	in	response	to	environmental	stress,	independent	
of	whether	 the	exposure	happened	 in	 the	 field	or	at	experimental	
conditions.	For	our	exploratory	analysis	on	the	relationships	between	
adaptive	traits	and	LES/PES	traits,	we	focused	on	three	pairs	of	rela-
tionships	(root	porosity	vs.	leaf	N,	ROL	vs.	leaf	N,	and	iron	tolerance	
vs.	 SLA),	 for	 which	 sufficient	 data	 were	 available	 for	 quantitative	
analysis.	Root	porosity	and	ROL	are	 two	very	 important	ecophysi-
ological	adaptive	traits	at	flooded	conditions	(Colmer,	2003b;	Visser,	
Colmer,	Blom,	&	Voesenek,	2000;	Voesenek	&	Bailey-Serres,	2015),	
and	reduced	iron	along	with	other	reduced	toxins	is	considered	as	the	
cause	of	 the	 absence	of	non-wetland	plants	 in	wetland	 conditions	
(Snowden	&	Wheeler,	1993).	Leaf	N	and	SLA	are	leading	traits	driving	
the	LES/PES	axis	(Diaz	et	al.,	2016;	Wright	et	al.,	2004).
Previous	studies	have	commonly	observed	a	high	degree	of	both	
interspecific	and	intraspecific	variations	in	root	porosity	in	wetland	
plants	in	response	to	oxygen	stress	(Lemoine	et	al.,	2012;	Mei,	Yang,	
Tam,	Wang,	&	Li,	2014),	while	leaf	N	varies	according	to	soil	fertil-
ity	 (following	 a	 gradient	 of	 acquisitive	 to	 conservative	 strategies)	
at	the	 interspecific	 level	 (Maire	et	al.,	2015;	Ordoñez	et	al.,	2009).	
To	test	the	relationships	between	root	porosity	and	leaf	N,	we	col-
lated	data	from	three	sources	where	both	variables	were	measured	
on	 the	 same	 individuals	 (see	 Supporting	 Information	Appendix	 S1	
for	further	details):	 (a)	glasshouse	experiment	in	which	six	wetland	
plant	 species	 were	 measured	 in	 a	 2	×	2	 factorial	 design	 with	 soil	
oxygen	demand	(SOD)	and	partial	submergence	as	the	main	factor	
(van	Bodegom,	Sorrell,	Oosthoek,	Bakker,	&	Aerts,	2008);	(b)	a	field	
study	in	Ukraine,	where	root	porosity	and	leaf	N	of	53	species	from	
forested/shrub	wetlands	and	marsh	habitats	were	measured	at	field	
conditions	(unpublished	data,	Supporting	Information	Figure	S3a–c	
in	Appendix	S1);	and	(c)	a	field	study	in	the	Netherlands,	where	root	
porosity	and	leaf	N	of	22	species	from	fens	were	measured	at	field	
conditions	(unpublished	data,	Supporting	Information	Figure	S3a–c	
in	Appendix	S1).
A	 linear	 regression	 between	 leaf	N	 and	 (log-transformed)	 root	
porosity	 (Figure	 2)	 showed	 that,	 despite	 a	 significant	 correlation	
(p	<	0.01),	 the	 very	 low	R2	 (adjusted	 r2 = 0.030; n	=	267)	 indicates	
that	only	3%	of	 the	variation	can	be	explained	by	 the	model.	At	a	
high	sample	size—such	as	here—a	significant	 relationship	does	not	
necessarily	 imply	 ecological	 relevance	 (Møller	 &	 Jennions,	 2002;	
Yoccoz,	1991).	The	 low	effect	size	effectively	 represents	a	decou-
pling	(Figure	2).
To	 test	 the	 relationships	 between	 ROL	 and	 leaf	 N,	 data	 were	
available	from	a	glasshouse	experiment,	where	five	typical	wet	dune	
slack	species	were	grown	under	all	possible	combinations	of	 treat-
ments	with	two	(strongly	differing)	 levels	of	 light,	fertility,	reduced	
metal	 concentration	 and	water	 regime	 gradients	 (van	Bodegom	et	
al.,	2005).	To	be	able	to	test	this	relationship,	and	because	ROL	data	
were	heavily	zero-inflated	(92	out	of	209	measurements	showed	no	
ROL),	we	grouped	the	ROL	data	 into	 four	classes	 in	order	 to	meet	
the	normality	assumption.	The	first	class	contained	all	92	ROL	obser-
vations,	and	the	remaining	117	points	were	evenly	divided	into	the	
other	three	classes	in	the	ascending	order	(39	measurements	for	each	
bin).	Subsequently,	a	linear	model	was	run	to	test	whether	log-trans-
formed	leaf	N	varied	as	a	function	of	ROL	class.	Despite	a	significant	
p	value	(which,	again,	we	would	consider	induced	by	the	large	sample	
size),	the	overall	lack	of	relationship	(r2	=	0.053)	between	log-trans-
formed	leaf	N	and	ROL	classes	again	suggested	decoupling	(Figure	3).
Results	from	these	datasets	suggest	that:	(a)	potentially	decou-
pled	 relationships	 between	 wetland	 adaptive	 traits	 and	 LES/PES	
traits	may	exist.	Such	decoupling	indicates	that	the	cost	of,	for	ex-
ample,	root	porosity	formation	might	be	relatively	 low	for	wetland	
plants	 and	 that	 a	 higher	 transportation	 capacity	 of	 oxygen	 to	 the	
rhizosphere	(ROL)	does	not	necessarily	impede	the	nitrogen	uptake	
capacity	 or	 the	 nitrogen	utilization	within	 plants,	 and	 (b)	 almost	 a	
full	 range	 of	 leaf	 N	 was	 covered	 (3.4	 to	 60.3	mg/g)	 compared	 to	
the	leaf	N	range	of	terrestrial	plants	world-wide	(2.48–68.98	mg/g)	
(Diaz	et	al.,	2016).	This	full	range	of	leaf	N	in	wetland	plants	suggests	
that	 adaptation	 to	wetland	 conditions	 is	 not	 necessarily	 costly	 (in	
agreement	with	Figure	1b).	This	 is	 also	 supported	by	evolutionary	
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evidence:	aquatic	species	have	evolved	at	least	200	times	from	ter-
restrial	species	(Cook,	1999).
Another	 type	 of	 adaptive	 traits	 relates	 to	 the	 tolerance,	 rather	
than	avoidance	or	escape,	of	stressful	conditions	in	wetlands.	As	a	key	
stress	 tolerance	 characteristic	 of	wetland	plants,	 iron	 tolerance	has	
been	long	considered	as	the	cause	for	differential	survival,	growth	and	
distribution	among	wetland	plants	(Snowden	&	Wheeler,	1993).	Iron	
reduction	along	with	manganese	reduction	takes	place	in	the	redox	se-
quence	after	the	depletion	of	nitrate,	and	produces	phytotoxic	ferrous	
iron.	The	physiological	mechanisms	behind	iron	tolerance	are	probably	
a	combination	of	oxidation	of	the	rhizosphere	(partly	contributed	by	
ROL)	and	a	true	tolerance	for	Fe2+.	Due	to	a	lack	of	quantitative	traits	
expressing	 these	 true	 iron	 tolerance	mechanisms,	we	used	 the	 iron	
tolerance	index	proposed	by	Snowden	and	Wheeler	(1993)	as	a	proxy	
trait.	 In	 that	 study,	 an	 iron	 tolerance	experiment	was	 set	up	 for	44	
British	fen	species	seedlings,	cultivated	under	in	10%	Rorison	solution	
containing	reduced	iron	(as	ferrous	sulphate).	The	iron	tolerance	index	
was	estimated	based	on	the	impact	of	iron	on	the	relative	growth	rate	
(RGR)	 in	 comparison	with	 the	 RGR	 in	 a	 control	 group	 (Snowden	&	
Wheeler,	1993).	To	test	how	iron	tolerance	relates	to	LES/PES	traits,	
we	derived	SLA	of	the	corresponding	species	(with	the	exception	of	
Oryza sativa which	was	not	available)	from	the	LEDA	database	(Kleyer	
et	al.,	2008).	A	linear	regression	between	the	iron	tolerance	index	and	
SLA	showed	that	the	iron	tolerance	index	decreased	strongly	and	sig-
nificantly	with	an	increasing	SLA	(r2	=	0.237,	Figure	4).
This	pattern	may	indicate	a	true	trade-off	between	iron	tolerance	
trait	and	LES/PES	traits.	We	hypothesize	that	tolerance—in	contrast	
to	avoidance	or	escape	traits—may	be	costly	and	hence	induce	cou-
pling	with	LES	traits.	It	will	require	further	experimental	work	to	test	
this	 hypothesis	more	 fully	with	 other	 traits	 and	 in	 other	 systems.	
Such	experimental	evaluation	should	consider	other	LES	traits	than	
SLA	in	relation	to	tolerance,	given	that	SLA	may	also	directly	play	a	
role	in	wetland	adaptation	(as	discussed	in	Section	2).
The	 three	 exploratory	 investigations	 presented	 here	 suggest	
that	both	potentially	coupled	and	decoupled	relationships	exist	be-
tween	wetland	adaptive	traits	and	LES/PES	traits.	The	varied	wet-
land	adaptive	traits	may	therefore	not	position	along	one	trait	axis,	
but	some	of	them	may	be	decoupled	from	one	another.	This	implies	
that	 the	selective	 forces	 in	wetlands	act	 in	varied	directions.	The	
cost	of	developing	a	wetland	adaptive	trait	may	vary,	depending	on	
the	trait	and	the	conditions.	The	varied	relationships	between	the	
two	suites	of	traits	suggest	a	variety	of	possible	adaptive	strategies	
to	deal	with	specific	combinations	of	wetland	conditions,	including	
both	flooding	stress	and	nutrient	acquisition	aspects.
4  | SC ALING FROM WETL AND PL ANT 
TR AITS TO ECOSYSTEM FUNC TIONING
Considering	the	importance	of	wetland	ecosystems	to	humans,	with	
regard	 to	ecosystem	services	 including	water	quantity	and	quality	
regulation	and	habitat	provisioning	for	water	birds	and	fish	(Doherty	
F I G U R E  2  The	relationships	between	
root	porosity	and	leaf	N.	The	data	are	
from	measurements	from	a	glasshouse	
experiment	(van	Bodegom	et	al.,	2008)	
and	field	measurements	of	three	habitats:	
fen,	marsh	and	forested/shrub	wetlands	
(P.	M.	van	Bodegom,	unpublished	data,	
Supporting	Information	Figure	S3a–c	in	
Appendix	S1)
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F I G U R E  3  Box	plot	of	leaf	N	across	radial	oxygen	loss	
(ROL)	class	(adjusted	r2	=	0.053,	p	<	0.01,	n	=	209).	Class	0:	
ROL	=	0	µmol	O2 h
−1	g	root	dry	weight−1,	n	=	92;	class	1:	ROL	=	2.5–
21.5	µmol	O2 h
−1	g	root	dry	weight−1,	n	=	39;	class	2:	ROL	=	21.6–
85	µmol	O2 h
−1	g	root	dry	weight−1,	n	=	39;	class	3:	ROL	=	90–
1,212	µmol	O2 h
−1	g	root	dry	weight−1,	n	=	39.	Data	source:	van	
Bodegom	et	al.	(2005)
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et	 al.,	 2014;	Zedler,	 2003),	more	and	more	attention	 is	being	paid	
to	 understanding	 wetland	 ecosystem	 functioning.	 Trait-based	 ap-
proaches	have	been	applied	to	characterize	plant	strategies	and	their	
effects	on	ecosystem	 functioning	of	wetlands	 (Moor	et	 al.,	 2017),	
but	 such	 studies	 have	 mainly	 focused	 on	 LES/PES	 traits	 (Douma	
et	al.,	2012).	However,	given	the	unique	adaptive	traits	 in	wetland	
ecosystems,	 these	 need	 to	 be	 additionally	 considered	 to	 fully	 un-
derstand	 trait-based	 impacts	 on	 wetland	 ecosystem	 functioning.	
For	instance,	two	important	biogeochemical	processes	in	wetlands,	
denitrification	and	methane	production,	depend	on	soil	organic	mat-
ter	content—which	are	strongly	influenced	by	community	mean	leaf	
nitrogen	and	carbon	concentrations	(LES/PES	traits)	(Koschorreck	&	
Darwich,	 2003)—and	 suitable	 aerobic/anaerobic	 conditions,	which	
relate	to	ROL	and	root	porosity	(adaptive	traits)	 (Alldred	&	Baines,	
2016;	Engelhardt,	2006;	Sutton-Grier,	Wright,	&	Richardson,	2013).
Knowledge	of	the	combined	effects	of	adaptive	traits	and	LES/
PES	 traits	can	 thus	 improve	our	understanding	of	denitrification	
and	methane	production,	which	 is	 important	 for	 the	 sustainable	
management	of	wetlands,	 including	the	reduction	of	greenhouse	
gas	 emissions	 by	 wetlands	 and	 the	 relief	 of	 eutrophication	 in	
wetlands.
In	 addition	 to	 affecting	 the	 functioning	 of	wetlands,	wetland	
adaptive	 traits	may	 also	 affect	 the	 community	 structure	 of	wet-
lands	 in	 a	 complicated	way.	 ROL	 relates	 to	 oxygen	 leaking	 from	
roots	into	the	soil,	which	results	in	microaerophilic	conditions	in	the	
rhizosphere	(van	Bodegom	&	Scholten,	2001).	This	allows	detoxifi-
cation	of	several	potentially	toxic	compounds	such	as	S2−	and	Fe2+. 
The	microaerophilic	conditions	induced	by	ROL	do	not	only	favour	
growth	of	the	plant	species	that	have	ROL,	but	also	facilitate	the	
growth	of	less-adapted	species	that	would	not	survive	under	purely	
anoxic	soil	conditions	(Schat,	1984).	As	a	consequence,	the	facilita-
tion	of	these	less-adapted	species	leads	to	a	competition	with	the	
adapted	species	and	a	higher	turnover	of	species	than	would	have	
occurred	otherwise	(Grootjans,	Ernst,	&	Stuyfzand,	1998).
Radial	 oxygen	 loss	 also	 contributes	 to	 community	 composition	
in	 a	 more	 direct	 way,	 through	 its	 coupling	 of	 the	 nitrification	 and	
denitrification	processes.	Compared	to	cases	 in	which	ROL	is	absent,	
the	 increased	availability	of	soil	oxygen	 in	communities	with	ROL	 in-
duces	nitrification.	The	produced	nitrate	diffuses	into	the	anoxic	bulk	
soil	and	is	denitrified,	and	hence	leads	to	increased	nitrogen	losses	and	
decreased	nutrient	availability	in	wetland	ecosystems	(Adema,	Van	de	
Koppel,	Meijer,	&	Grootjans,	2005;	Reddy,	Patrick,	&	Lindau,	1989).	Low	
nutrient	availability	makes	it	harder	for	competitors	to	invade,	as	many	
grow	 less	effectively	 in	such	an	environment.	As	a	consequence,	 the	
community	of	stress-tolerating	plant	species	that	grow	less	quickly	at	
high	nutrient	levels	may	remain	more	stable	(Adema	&	Grootjans,	2003).
This	 feedback	 loop	 between	 ROL	 and	 denitrification	 is	 further	
complicated	 because	 both	 ROL	 (through	 oxygen	 supply	 for	 nitrifi-
cation)	 and	 LES/PES	 traits	 by	 a	 combination	 of	 direct	 and	 indirect	
relations	determine	nitrate	 availability.	 If	ROL	 is	 orthogonal	 to	 leaf	
N	(as	suggested	by	the	exploratory	analyses	described	above),	these	
two	 influences	on	nitrate	availability	and	hence	denitrification	may	
occur	independently	from	each	other.	However,	if	there	is	a	trade-off	
between	ROL	and	leaf	N,	then	nitrate	sources	can	be	limited	by	low	
ROL	leading	to	a	natural	reduction	of	denitrification.	In	that	case,	a	
strong	nitrification/denitrification	coupling	is	not	expected	to	occur.	
This	example	again	demonstrates	the	 importance	of	understanding	
the	relationships	between	wetland	adaptive	traits	and	LES/PES	traits.
Methane	emission	 is	another	example	 that	shows	how	wetland	
adaptive	 traits	and	LES/PES	 traits	 together	affect	ecosystem	 func-
tioning.	Methane	production	only	takes	place	after	most	other	alter-
native	electron	acceptors	have	been	depleted.	Both	production	and	
emission	of	methane	are	affected	by	wetland	plants	in	many	aspects.	
First	 of	 all,	 organic	 compounds	 released	 by	 root	 exudation	 can	 be	
used	as	electron	donors	for	methane	production	(Aulakh,	Wassmann,	
Bueno,	&	Rennenberg,	2001).	Second,	oxygen	released	from	the	roots	
may	be	used	by	bacteria	to	oxidize	methane	to	CO2,	decreasing	meth-
ane	emissions	 (van	Bodegom,	Goudriaan,	&	Leffelaar,	2001).	Third,	
the	aerenchyma	channels	of	wetland	plant	species	act	as	chimneys	
that	effectively	transport	methane	from	the	soil	to	the	atmosphere.	
This	plant-mediated	transport	pathway	is	much	more	effective	than	
diffusion	through	the	soil	alone	(van	Bodegom,	Groot,	van	den	Hout,	
Leffelaar,	&	Goudriaan,	2001,	Figure	5)	and	decreases	the	probability	
of	methane	oxidation.	The	combination	of	adaptive	 traits	and	 local	
conditions	(such	as	temperature,	water	level,	soil	texture)	determines	
whether	 the	net	effect	of	wetland	plants	 is	an	amplification	or	de-
crease	of	methane	emissions.
To	further	advance	our	quantitative	understanding	of	strategies	
and	 functioning	 (including	 denitrification	 and	 methane	 emission)	
in	wetlands,	we	 identified	a	number	of	critical	 research	topics	that	
would	benefit	 from	an	 inclusive	approach.	First,	we	need	to	target	
specific	pairs	of	wetland	adaptive	traits	and	LES/PES	traits	and	study	
them	 quantitatively	 to	 better	 understand	 the	 nature	 and	 patterns	
of	this	relationship.	Specifically,	such	analysis	may	test	the	hypoth-
esis	 that	 tolerance	 traits	may	 be	 coupled	while	 avoidance	 and	 es-
cape	traits	are	not.	Second,	the	drivers	determining	the	selection	of	
these	different	 trait	 sets	will	have	 to	be	analysed.	Third,	based	on	
an	understanding	of	which	traits	do	and	which	do	not	couple	to	LES	
traits	and	under	which	conditions,	combined	with	knowledge	on	how	
F I G U R E  4  The	relationship	between	specific	leaf	area	(SLA)	
and	iron	tolerance	(linear	regression,	adjusted	r2	=	0.237,	p	<	0.001,	
n	=	43).	SLA	data	were	from	the	LEDA	database	(Kleyer	et	al.,	
2008),	and	iron	tolerance	data	were	estimated	by	Snowden	and	
Wheeler	(1993)
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the	 interplay	of	 adaptive	and	LES	 traits	 affects	 important	wetland	
ecosystem	functions,	the	variation	in	these	ecosystem	functions	at	
the	global	scale	can	be	quantified	and	understood.	Such	insights	will	
help	recognize	the	importance	of	wetland	ecology	in	times	of	global	
change.
5  | CONCLUSIONS
By	bridging	the	fields	of	study	of	wetland	adaptive	traits	and	LES/
PES	traits	and	their	relationships,	we	can	unravel	wetland	plant	
strategies	and	obtain	a	broader	picture	of	wetland	ecology.	Our	
work	provides	a	first	exploration	of	such	relationships	through	a	
qualitative	 literature	 review	 and	 a	 quantitative	 assessment	 be-
tween	examples	of	the	two	suites	of	traits;	this	can	be	further	ex-
plored	in	future	wetland	ecology	research.	Our	analyses	suggest	
both	coupled	and	decoupled	patterns	do	occur	between	wetland	
adaptive	 traits	 and	 LES/PES	 traits,	 and	 provide	 a	 first	 glimpse	
at	 the	 complex	 character	of	 adaptation	 in	wetland	ecosystems.	
Further	unravelling	the	relationships	between	the	two	suites	of	
traits	will	be	critical	 to	understanding	wetland	ecosystem	func-
tioning,	 especially	 for	 those	 processes	 to	 which	multiple	 traits	
contribute,	 such	 as	 denitrification	 and	methane	 emissions,	 and	
that	 are	 globally	 important	 processes	 of	 greenhouse	 gas	 emis-
sions.	 To	 fully	 reveal	 the	 patterns	 between	 adaptive	 traits	 and	
LES/PES	traits,	we	are	in	need	of	global	compilation	and	analysis	
of	trait	datasets.
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F I G U R E  5  Schematic	presentation	
of	the	wetland	adaptive	traits	(in	blue	
boxes)	and	leaf	economics	spectrum	
(LES)/plant	economics	spectrum	(PES)	
traits	(in	green	boxes)	impact	on	(a)	the	
gas	transportation	through	wetland	plants	
and	organic	compound	release	and	(b)	
oxidation	reactions	in	oxic	rhizosphere	
(with	oxidized	elements	in	purple	boxes	
and	reduced	elements	in	orange	boxes).	
The	residence	time	of	methane	(RTM)	
in	soil	is	based	on	data	discussed	in	
Bodegom,	Wassmann,	et	al.	(2001)
Atmosphere
Water
Sediment
O2
Organic  C
CH4
production
+
CH4
CH4
oxidation
+
+
–
CH4
CH4 emission
Plant-mediated
transport
Soil organic C
 +
Ebullition Diffusion
Root porosity
ROL
Root exudation
Aerenchyma tissue in shoot
Leaf N & C
Organic 
matters
RTMplant mediated= 1 day
RTMdiffusion & ebullition= 12.5 days
RTMdiffusion only= 122 days
Main toxidation reactions involved in 
oxic rhizosphere 
HS– –+ 2O2 → SO42 + H+
Fe2+ + H+ + 0.25O2 → Fe3+ + 0.5H2O
Mn2+ + 0.5O2 + H2O → MnO2 + 2H+
(a) (b)
ROL
As3+
S2-
SO42-
Fe3+Mn
2+
As5+
O2
Oxic zone
Anoxic zone
MnO2
Fe2+
8  |    Functional Ecology PAN et Al.
R E FE R E N C E S
Adema,	 E.	 B.,	 &	 Grootjans,	 A.	 P.	 (2003).	 Possible	 positive-feedback	
mechanisms:	 Plants	 change	 abiotic	 soil	 parameters	 in	 wet	 cal-
careous	 dune	 slacks.	 Plant Ecology,	 167(1),	 141–149.	 https://doi.
org/10.1023/A:1023947411605
Adema,	 E.	 B.,	 Van	 de	 Koppel,	 J.,	 Meijer,	 H.	 A.	 J.,	 &	 Grootjans,	 A.	 P.	
(2005).	 Enhanced	 nitrogen	 loss	 may	 explain	 alternative	 stable	
states	in	dune	slack	succession.	Oikos,	109(2),	374–386.	https://doi.
org/10.1111/j.0030-1299.2005.13339.x
Alldred,	M.,	&	Baines,	S.	B.	(2016).	Effects	of	wetland	plants	on	denitrifi-
cation	rates:	A	meta-analysis.	Ecological Applications,	26(3),	676–685.	
https://doi.org/10.1890/14-1525
Aulakh,	M.	S.,	Wassmann,	R.,	Bueno,	C.,	&	Rennenberg,	H.	(2001).	Impact	
of	root	exudates	of	different	cultivars	and	plant	development	stages	
of rice (Oryza sativa	L.)	on	methane	production	in	a	paddy	soil.	Plant 
and Soil,	230(1),	77–86.	https://doi.org/10.1023/A:	1004817212321
Baastrup-Spohr,	 L.,	 Sand-Jensen,	 K.,	 Nicolajsen,	 S.	 V.,	 &	 Bruun,	 H.	 H.	
(2015).	From	soaking	wet	to	bone	dry:	Predicting	plant	community	
composition	along	a	steep	hydrological	gradient.	Journal of Vegetation 
Science,	26(4),	619–630.	https://doi.org/10.1111/jvs.12280
Bailey-Serres,	 J.,	 &	 Voesenek,	 L.	 A.	 C.	 J.	 (2008).	 Flooding	 stress:	
Acclimations	 and	 genetic	 diversity.	 Annual Review of Plant 
Biology,	 59,	 313–339.	 https://doi.org/10.1146/annurev.
arplant.59.032607.092752
Blom,	C.,	Voesenek,	L.	A.	C.	J.,	Banga,	M.,	Engelaar,	W.	M.	H.	G.,	Rijnders,	
J.	H.	G.	M.,	Van	de	Steeg,	H.	M.,	&	Visser,	E.	J.	W.	(1994).	Physiological	
ecology	of	riverside	species:	Adaptation	responses	of	plants	to	sub-
mergence.	Annals of Botany,	74(3),	253–263.	https://doi.org/10.1006/
anbo.1994.1116
Colmer,	T.	D.	(2003a).	Aerenchyma	and	an	inducible	barrier	to	radial	ox-
ygen	 loss	 facilitate	 root	 aeration	 in	upland,	paddy	and	deep-water	
rice (Oryza sativa	 L.).	Annals of Botany,	91(2),	 301–309.	 https://doi.
org/10.1093/aob/mcf114
Colmer,	 T.	 D.	 (2003b).	 Long-distance	 transport	 of	 gases	 in	 plants:	
A	 perspective	 on	 internal	 aeration	 and	 radial	 oxygen	 loss	 from	
roots.	 Plant, Cell and Environment,	 26(1),	 17–36.	 https://doi.
org/10.1046/j.1365-3040.2003.00846.x
Cook,	 C.	 D.	 K.	 K.	 (1999).	 The	 number	 and	 kinds	 of	 embryo-bear-
ing	 plants	 which	 have	 become	 aquatic:	 A	 survey.	 Perspectives in 
Plant Ecology, Evolution and Systematics,	 2(1),	 79–102.	 https://doi.
org/10.1078/1433-8319-00066
DeLaune,	R.	D.,	&	Pezeshki,	S.	R.	(2001).	Plant	functions	in	wetland	and	
aquatic	systems:	Influence	of	intensity	and	capacity	of	soil	reduction.	
The Scientific World Journal,	 1,	 636–649.	 https://doi.org/10.1100/
tsw.2001.257
Díaz,	S.,	Kattge,	J.,	Cornelissen,	J.	H.	C.,	Wright,	I.	J.,	Lavorel,	S.,	Dray,	S.,	…	
Gorné,	L.	D.	(2016).	The	global	spectrum	of	plant	form	and	function.	
Nature,	529(7585),	167–171.	https://doi.org/10.1038/nature16489
Doherty,	J.	M.,	Miller,	J.	F.,	Prellwitz,	S.	G.,	Thompson,	A.	M.,	Loheide,	S.	
P.	I.,	&	Zedler,	J.	B.	(2014).	Hydrologic	regimes	revealed	bundles	and	
tradeoffs	among	six	wetland	services.	Ecosystems,	17(6),	1026–1039.	
https://doi.org/10.1007/s10021-014-9775-3
Douma,	J.	C.,	Bardin,	V.,	Bartholomeus,	R.	P.,	&	van	Bodegom,	P.	M.	(2012).	
Quantifying	the	functional	responses	of	vegetation	to	drought	and	
oxygen	 stress	 in	 temperate	 ecosystems.	 Functional Ecology,	 26(6),	
1355–1365.	https://doi.org/10.1111/j.1365-2435.2012.02054.x
Engelhardt,	 K.	 A.	 M.	 (2006).	 Relating	 effects	 and	 response	 traits	
in	 submerged	 aquatic	 macrophytes.	 Ecological Applications,	
16(5),	 1808–1820.	 https://doi.org/10.1890/1051-0761(2006)	
016[1808:REARTI]2.0.CO;2
Garthwaite,	A.	J.,	von	Bothmer,	R.,	&	Colmer,	T.	D.	 (2003).	Diversity	 in	
root	 aeration	 traits	 associated	 with	 waterlogging	 tolerance	 in	 the	
genus	Hordeum.	Functional Plant Biology,	30(8),	875–889.	https://doi.
org/10.1071/FP03058
Grootjans,	A.	P.,	Ernst,	W.	H.	O.,	&	Stuyfzand,	P.	J.	(1998).	European	dune	
slacks:	 Strong	 interactions	 of	 biology,	 pedogenesis	 and	 hydrology.	
Trends in Ecology & Evolution,	13(3),	96–100.	https://doi.org/10.1016/
S0169-5347(97)01231-7
Hallik,	 L.,	 Niinemets,	 Ü.,	 &	 Wright,	 I.	 J.	 (2009).	 Are	 species	 shade	
and	 drought	 tolerance	 reflected	 in	 leaf-level	 structural	 and	
functional	 differentiation	 in	 Northern	 Hemisphere	 temper-
ate	 woody	 flora?	 New Phytologist,	 184(1),	 257–274.	 https://doi.
org/10.1111/j.1469-8137.2009.02918.x
Hu,	B.,	Henry,	A.,	Brown,	K.	M.,	&	Lynch,	J.	P.	(2014).	Root	cortical	aeren-
chyma	inhibits	radial	nutrient	transport	in	maize	(Zea mays).	Annals of 
Botany,	113(1),	181–189.	https://doi.org/10.1093/aob/mct259
Jackson,	 M.	 B.,	 &	 Armstrong,	 W.	 (1999).	 Formation	 of	 aerenchyma	
and	 the	 processes	 of	 plant	 ventilation	 in	 relation	 to	 soil	 flood-
ing	 and	 submergence.	 Plant Biology,	 1(3),	 274–287.	 https://doi.
org/10.1055/s-2007-978516
Justin,	S.	H.	F.	W.,	&	Armstrong,	W.	(1987).	The	anatomical	characteristics	
of	roots	and	plant	response	to	soil	flooding.	New Phytologist,	106(3),	
465–495.	https://doi.org/10.1111/j.1469-8137.1987.tb00153.x
Kleyer,	 M.,	 Bekker,	 R.	 m.,	 Knevel,	 I.	 c.,	 Bakker,	 J.	 p.,	 Thompson,	
K.,	 Sonnenschein,	 M.,	 …	 Peco,	 B.	 (2008).	 The	 LEDA	 Traitbase:	
A	 database	 of	 life-history	 traits	 of	 the	 Northwest	 European	
flora. Journal of Ecology,	 96(6),	 1266–1274.	 https://doi.
org/10.1111/j.1365-2745.2008.01430.x
Koschorreck,	 M.,	 &	 Darwich,	 A.	 (2003).	 Nitrogen	 dynamics	 in	 sea-
sonally	 flooded	 soils	 in	 the	 Amazon	 floodplain.	 Wetlands 
Ecology and Management,	 11(5),	 317–330.	 https://doi.
org/10.1023/B:WETL.0000005536.39074.72
Laan,	P.,	Berrevoets,	M.	J.,	Lythe,	S.,	Armstrong,	W.,	&	Blom,	C.	W.	P.	M.	
(1989).	Root	morphology	and	aerenchyma	formation	as	indicators	of	
the	flood-tolerance	of	Rumex	Species.	The Journal of Ecology,	77(3),	
693–703.	https://doi.org/10.2307/2260979
Lavorel,	S.,	&	Garnier,	E.	(2002).	Predicting	changes	in	community	com-
position	 and	 ecosystem	 functioning	 from	 plant	 traits:	 Revisiting	
the	 Holy	 Grail.	 Functional Ecology,	 16(5),	 545–556.	 https://doi.
org/10.1046/j.1365-2435.2002.00664.x
Lemoine,	D.	G.,	Mermillod-Blondin,	 F.,	Barrat-Segretain,	M.-H.,	Massé,	
C.,	&	Malet,	E.	(2012).	The	ability	of	aquatic	macrophytes	to	increase	
root	 porosity	 and	 radial	 oxygen	 loss	 determines	 their	 resistance	
to	 sediment	 anoxia.	 Aquatic Ecology,	 46(2),	 191–200.	 https://doi.
org/10.1007/s10452-012-9391-2
Maire,	 V.,	 Wright,	 I.	 J.,	 Prentice,	 I.	 C.,	 Batjes,	 N.	 H.,	 Bhaskar,	 R.,	 van	
Bodegom,	P.	M.,	…	Santiago,	L.	S.	 (2015).	Global	effects	of	soil	and	
climate	 on	 leaf	 photosynthetic	 traits	 and	 rates.	Global Ecology and 
Biogeography,	24,	706–717.	https://doi.org/10.1111/geb.12296
Mei,	 X.-Q.,	 Yang,	 Y.,	 Tam,	N.-	 F.-Y.,	Wang,	 Y.-W.,	&	 Li,	 L.	 (2014).	 Roles	
of	 root	 porosity,	 radial	 oxygen	 loss,	 Fe	 plaque	 formation	on	nutri-
ent	 removal	 and	 tolerance	 of	 wetland	 plants	 to	 domestic	 waste-
water.	 Water Research,	 50,	 147–159.	 https://doi.org/10.1016/j.
watres.2013.12.004
Møller,	A.	P.,	&	Jennions,	M.	D.	 (2002).	How	much	variance	can	be	ex-
plained	 by	 ecologists	 and	 evolutionary	 biologists?	 Oecologia,	 132,	
492–500.	https://doi.org/10.1007/s00442-002-0952-2
Mommer,	L.,	Wolters-Arts,	M.,	Andersen,	C.,	Visser,	E.	J.	W.,	&	Pedersen,	
O.	(2007).	Submergence-induced	leaf	acclimation	in	terrestrial	spe-
cies	 varying	 in	 flooding	 tolerance.	New Phytologist,	 176,	 337–345.	
https://doi.org/10.1111/j.1469-8137.2007.02166.x
Moor,	 H.,	 Rydin,	 H.,	 Hylander,	 K.,	 Nilsson,	 M.	 B.,	 Lindborg,	 R.,	 &	
Norberg,	 J.	 (2017).	 Towards	 a	 trait-based	 ecology	 of	 wetland	
vegetation.	 Journal of Ecology,	 105,	 1623–1635.	 https://doi.
org/10.1111/1365-2745.12734
Niinemets,	 Ü.,	 &	 Valladares,	 F.	 (2006).	 Tolerance	 to	 shade,	 drought,	
and	 waterlogging	 of	 temperate	 northern	 hemisphere	 trees	
and shrubs. Ecological Monographs,	 76(4),	 521–547.	 https://doi.
org/10.1890/0012-9615(2006)	076[0521:TTSDAW]2.0.CO;2
     |  9Functional EcologyPAN et Al.
Ordoñez,	 J.	 C.,	 van	 Bodegom,	 P.	 M.,	 Witte,	 J.	 P.	 M.,	 Wright,	 I.	 J.,	
Reich,	 P.	 B.,	 &	 Aerts,	 R.	 (2009).	 A	 global	 study	 of	 relationships	
between	 leaf	 traits,	 climate	 and	 soil	 measures	 of	 nutrient	 fer-
tility.	 Global Ecology and Biogeography,	 18,	 137–149.	 https://doi.
org/10.1111/j.1466-8238.2008.00441.x
Pan,	Y.,	Cieraad,	E.,	&	van	Bodegom,	P.	M.	 (2019).	Data	from:	Are	eco-
physiological	 adaptive	 traits	 decoupled	 from	 leaf	 economics	 traits	
in	 wetlands?	 Dryad Digital Repository,	 https://doi.org/10.5061/
dryad.4v1s6b5
Pezeshki,	 S.	 R.,	 &	 DeLaune,	 R.	 D.	 (2012).	 Soil	 oxidation-reduction	 in	
wetlands	and	its	impact	on	plant	functioning.	Biology,	1(2),	196–221.	
https://doi.org/10.3390/biology1020196
Ramsar	 Convention	 Secretariat	 (2013).	The Ramsar convention manual: 
A guide to the convention on wetlands (Ramsar, Iran, 1971)	 (6th	 ed.).	
Gland,	Switzerland.
Reddy,	K.	R.,	Patrick,	W.	H.,	&	Lindau,	C.	W.	(1989).	Nitrification-denitri-
fication	at	the	plant	root-sediment	interface	in	wetlands.	Limnology 
and Oceanography,	 34(346),	 1004–1013.	 https://doi.org/10.4319/
lo.1989.34.6.1004
Rubinigg,	M.,	Stulen,	I.,	Elzenga,	J.	T.	M.,	&	Colmer,	T.	D.	(2002).	Spatial	
patterns	of	 radial	oxygen	 loss	and	nitrate	net	 flux	along	adventi-
tious	roots	of	rice	raised	in	aerated	or	stagnant	solution.	Functional 
Plant Biology,	 29(12),	 1475–1481.	 https://doi.org/10.1071/
FP02081
Schat,	H.	(1984).	A	comparative	ecophysiological	study	on	the	effects	of	
waterlogging	and	 submergence	on	dune	 slack	plants:	Growth,	 sur-
vival	 and	mineral	 nutrition	 in	 sand	 culture	 experiments.	Oecologia,	
62(2),	279–286.	https://doi.org/10.1007/BF00379027
Shipley,	 B.,	 De	 Bello,	 F.,	 Cornelissen,	 J.	 H.	 C.,	 Laliberté,	 E.,	 Laughlin,	
D.	C.,	&	Reich,	P.	B.	 (2016).	Reinforcing	 loose	foundation	stones	 in	
trait-based	 plant	 ecology.	 Oecologia,	 180(4),	 923–931.	 https://doi.
org/10.1007/s00442-016-3549-x
Silvertown,	 J.,	 Araya,	 Y.,	 &	 Gowing,	 D.	 (2015).	 Hydrological	 niches	 in	
terrestrial	 plant	 communities:	 A	 review.	 Journal of Ecology,	 103(1),	
93–108.	https://doi.org/10.1111/1365-2745.12332
Snowden,	 R.	 E.	 D.,	 &	 Wheeler,	 B.	 D.	 (1993).	 Iron	 toxicity	 to	 fen	
plant	 species.	 The Journal of Ecology,	 81(1),	 35–46.	 https://doi.
org/10.2307/2261222
Sutton-Grier,	 A.	 E.,	Wright,	 J.	 P.,	 &	Richardson,	 C.	 J.	 (2013).	Different	
plant	traits	affect	two	pathways	of	riparian	nitrogen	removal	in	a	re-
stored	 freshwater	wetland.	Plant and Soil,	365(1–2),	41–57.	https://
doi.org/10.1007/s11104-011-1113-3
van	Bodegom,	P.	M.,	de	Kanter,	M.,	Bakker,	C.,	&	Aerts,	R.	(2005).	Radial	
oxygen	loss,	a	plastic	property	of	dune	slack	plant	species.	Plant and 
Soil,	271(1–2),	351–364.	https://doi.org/10.1007/s11104-004-3506-z
van	 Bodegom,	 P.	 M.,	 Douma,	 J.	 C.,	 Witte,	 J.	 P.	 M.,	 Ordoñez,	 J.	 C.,	
Bartholomeus,	 R.	 P.,	 &	 Aerts,	 R.	 (2012).	 Going	 beyond	 limitations	
of	 plant	 functional	 types	 when	 predicting	 global	 ecosystem-at-
mosphere	 fluxes:	 Exploring	 the	merits	 of	 traits-based	 approaches.	
Global Ecology and Biogeography,	 21(6),	 625–636.	 https://doi.
org/10.1111/j.1466-8238.2011.00717.x
van	Bodegom,	P.	M.,	Goudriaan,	J.,	&	Leffelaar,	P.	(2001).	A	mechanistic	
model	on	methane	oxidation	in	a	rice	rhizosphere.	Biogeochemistry,	
55(2),	145–177.	https://doi.org/10.1023/A:1010640515283
van	 Bodegom,	 P.	 M.,	 Groot,	 T.,	 van	 den	 Hout,	 B.,	 Leffelaar,	 P.	 A.,	 &	
Goudriaan,	 J.	 (2001).	Diffusive	 gas	 transport	 through	 flooded	 rice	
systems.	 Journal of Geophysical Research: Atmospheres,	 106(D18),	
20861–20873.	https://doi.org/10.1029/2001JD900176
van	Bodegom,	P.	M.,	&	Scholten,	J.	C.	M.	(2001).	Microbial	processes	of	
CH4	production	in	a	rice	paddy	soil:	Model	and	experimental	valida-
tion.	Geochimica Et Cosmochimica Acta,	65(13),	2055–2066.	https://
doi.org/10.1016/S0016-7037(01)00563-4
van	Bodegom,	 P.	M.,	 Sorrell,	 B.	 K.,	Oosthoek,	 A.,	 Bakker,	 C.,	 &	Aerts,	
R.	 (2008).	 Separating	 the	 effects	 of	 partial	 submergence	 and	 soil	
oxygen	demand	on	plant	physiology.	Ecology,	89(1),	193–204.	https://
doi.org/10.1890/07-0390.1
van	Bodegom,	P.	M.,	Wassmann,	R.,	&	Metra-Corton,	T.	M.	(2001).	A	pro-
cess-based	model	 for	 methane	 emission	 predictions	 from	 flooded	
rice	 paddies.	Global Biogeochemical Cycles,	15(1),	 247–263.	 https://
doi.org/10.1029/1999GB001222
van	 der	 Werf,	 A.,	 Kooijman,	 A.,	 Welschen,	 R.,	 &	 Lambers,	 H.	 (1988).	
Respiratory	 energy	 costs	 for	 the	 maintenance	 of	 biomass,	 for	
growth	 and	 for	 ion	 uptake	 in	 roots	 of	 Carex diandra and Carex 
acutiformis. Physiologia Plantarum,	 72(3),	 483–491.	 https://doi.
org/10.1111/j.1399-3054.1988.tb09155.x
Vartapetian,	B.	B.,	&	Jackson,	M.	B.	(1997).	Plant	adaptation	to	anaerobic	
stress.	Annals of Botany,	79(suppl	1),	3–20.	https://doi.org/10.1093/
oxfordjournals.aob.a010303
Violle,	 C.,	 Bonis,	 A.,	 Plantegenest,	 M.,	 Cudennec,	 C.,	 Damgaard,	 C.,	
Marion,	 B.,	 …	 Bouzillé,	 J.-B.	 (2011).	 Plant	 functional	 traits	 capture	
species	richness	variations	along	a	flooding	gradient.	Oikos,	120(3),	
389–398.	https://doi.org/10.1111/j.1600-0706.2010.18525.x
Visser,	E.	J.	W.,	Colmer,	T.	D.,	Blom,	C.	W.	P.	M.,	&	Voesenek,	L.	A.	C.	J.	(2000).	
Changes	in	growth,	porosity,	and	radial	oxygen	loss	from	adventitious	
roots	of	 selected	mono-	 and	dicotyledonous	wetland	 species	with	
contrasting	types	of	aerenchyma.	Plant, Cell and Environment,	23(11),	
1237–1245.	https://doi.org/10.1046/j.1365-3040.2000.00628.x
Voesenek,	L.	A.	C.	J.,	&	Bailey-Serres,	J.	(2015).	Flood	adaptive	traits	and	
processes:	An	overview.	New Phytologist,	206(1),	57–73.	https://doi.
org/10.1111/nph.13209
Wright,	A.	 J.,	 de	Kroon,	H.,	Visser,	E.	 J.	W.,	Buchmann,	T.,	Ebeling,	A.,	
Eisenhauer,	N.,	…	Mommer,	L.	 (2017).	Plants	are	 less	negatively	af-
fected	by	flooding	when	growing	in	species-rich	plant	communities.	
New Phytologist,	213,	645–656.	https://doi.org/10.1111/nph.14185
Wright,	I.	J.,	Reich,	P.	B.,	Westoby,	M.,	Ackerly,	D.	D.,	Baruch,	Z.,	Bongers,	
F.,	 …	 Villar,	 R.	 (2004).	 The	 worldwide	 leaf	 economics	 spectrum.	
Nature,	428,	821–827.	https://doi.org/10.1038/nature02403
Wright,	 J.	 P.,	 &	 Sutton-Grier,	 A.	 E.	 (2012).	 Does	 the	 leaf	 economic	
spectrum	 hold	 within	 local	 species	 pools	 across	 varying	 environ-
mental	 conditions?	 Functional Ecology,	 26,	 1390–1398.	 https://doi.
org/10.1111/1365-2435.12001
Wright,	S.	J.,	Kitajima,	K.,	Kraft,	N.	J.	B.,	Reich,	P.	B.,	Wright,	I.	J.,	Bunker,	
D.	E.,	…	Zanne,	A.	E.	 (2010).	Functional	traits	and	the	growth-mor-
tality	trade-off	in	tropical	trees.	Ecology,	91(12),	3664–3674.	https://
doi.org/10.1890/09-2335.1
Yoccoz,	N.	G.	 (1991).	Use,	overuse,	 and	misuse	of	 significance	 tests	 in	
evolutionary	biology	and	ecology.	Bulletin of the Ecological Society of 
America,	72(2),	106–111.
Zedler,	 J.	 B.	 (2003).	 Wetlands	 at	 your	 service:	 Reducing	 impacts	 of	
agriculture	 at	 the	 watershed	 scale.	 Frontiers in Ecology and the 
Environment,	1(2),	65–72.	https://doi.org/10.1890/1540-9295(2003)	
001[0065:WAYSRI]2.0.CO;2
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.
How to cite this article:	Pan	Y,	Cieraad	E,	van	Bodegom	PM.	
Are	ecophysiological	adaptive	traits	decoupled	from	leaf	
economics	traits	in	wetlands?	Funct Ecol. 2019;00:1–9. 
https://doi.org/10.1111/1365-2435.13329
